Leaf carbon stable isotopic composition data for 1002 orchid species representing 61% of the total number of orchid species described for Panama and Costa Rica were obtained from herbarium specimens to survey the occurrence of crassulacean acid metabolism (CAM). Carbon isotopic composition of leaf material showed a bimodal distribution with modes at -28‰, indicating C3 photosynthesis, and at -15‰, indicating pronounced CAM photosynthesis. Strong CAM was present in 9.5% of species and in 31 of 162 genera studied. Twelve of these genera were not previously known to contain species exhibiting CAM. A checklist of orchids of Panama and Costa Rica with their d 13 C values and an updated list of all known orchid genera that possess species with the ability to perform CAM are presented.
INTRODUCTION
Crassulacean acid metabolism (CAM) is one of three photosynthetic pathways found in vascular plants for the assimilation of atmospheric CO2. In contrast to C3 and C4 plants, CAM plants can perform substantial net CO2 uptake from the atmosphere at night, reducing the amount of water lost per unit of carbon assimilated (i.e. greater water-use efficiency) Cushman, 2001; Winter, Aranda & Holtum, 2005) . CAM species are widely distributed throughout semi-arid tropical and subtropical environments, including epiphytic habitats in the humid tropics. Thus far, CAM has been reported for 343 genera in 34 families and approximately 7% of all vascular plant species are estimated to exhibit CAM Holtum et al., 2007) . Improving this estimate requires detailed work in species-rich families with large expected numbers of CAM species, such as Orchidaceae (Chase et al., 2003) .
Several studies indicate that CAM photosynthesis may be widespread among tropical epiphytic orchids (Winter et al., 1983; Earnshaw et al., 1987; Silvera, Santiago & Winter, 2005; Silvera et al., 2009) . anticipated that 50% of tropical epiphytic orchids might perform CAM. Indeed, a survey of over 200 tropical orchid species showed strong or weak CAM in approximately 100 species . In the current study, we targeted the rich orchid flora of Panama and Costa Rica, the 1640 species of which are well described by Dressler (1993) . Carbon isotopic composition (d 13 C) of bulk leaf tissue was used to determine the photosynthetic pathway in 1002 of these species, thus allowing us to identify species exhibiting strong CAM. This method takes advantage of differences in d
13
C of CAM and C3 species, because d 13 and by night via the CAM pathway (Ehleringer & Osmond, 1989; Winter & Holtum, 2002; Winter et al., 2005) . However, because several species that have a C3-type d 13 C value can also perform low level CAM activity (i.e. weak CAM), using only stable isotopic measurements to determine photosynthetic pathways can underestimate the number of species capable of performing CAM (Pierce, Winter & Griffiths, 2002; Silvera et al., 2005; Winter, Garcia & Holtum, 2008; Winter & Holtum, 2002) . Analyses that combine nocturnal acidification measurements and diel gasexchange patterns with isotopic composition are often employed to categorize further whether species are C 3, weak CAM or strong CAM (Pierce et al., 2002; Silvera et al., 2005) . In this study, we used stable isotope measurements as a rapid screening method to categorize species as either predominantly C3 or strong CAM, based on whether d
C values ranged from -33 to -22.1‰, which is typical of C3 photosynthesis, or from -22 to -12‰, which is typical for strong CAM plants (Ehleringer & Osmond, 1989) . The aims of this study were to update the number of orchid species performing CAM, provide a framework for further studies and provide a checklist of orchid genera in which the presence of CAM has been reported.
MATERIAL AND METHODS

SITE DESCRIPTION
Panama and Costa Rica are tropical, Central American countries located between 7°and 11°N and 77°t o 85°W and form the narrowest part of the Mesoamerican Isthmus, thus serving as a land bridge between North and South America, and therefore fostering a rich mixture of plant and animal life that has migrated between the continents. This region contains all of the tropical life zones described by Holdridge (1967) , with climatic ranges of mean annual precipitation of approximately 1140-5500 mm and mean annual temperature of 14-28°C. Much of the regional climatic variation is caused by an elevation range from sea level to 3820 m, which results in an orographic distribution of precipitation. This diversity of habitats, therefore, covers the complete range of conditions in which tropical orchids are known to occur (Dressler, 1993) , including native, urban, agricultural and disturbed habitats.
CARBON ISOTOPE ANALYSIS
Small fragments (2-5 mg) of leaf tissue were collected from 27 live species and herbarium specimens of 975 orchid species encompassing 162 genera at five herbaria: the Missouri Botanical Gardens Herbarium (MO), the Marie Selby Botanical Gardens Herbarium (SEL), the University of Florida Herbarium (FLAS), the University of Panama Herbarium (PMA) and the Smithsonian Tropical Research Institute Herbarium (SCZ). This sampling includes 61% of the orchid flora of Panama and Costa Rica described by Dressler (1993) . Orchid nomenclature followed a combination of Dressler (1993) and the World Checklist of Monocotyledons (Royal Botanic Gardens, Kew) nomenclatural database and associated authority files (http:// apps.kew.org/wcsp/home.do). Leaf samples were analysed for carbon stable isotopic composition (d 13 C) at the Center for Stable Isotope Biogeochemistry, University of California Berkeley, using a continuous flow isotope ratio mass spectrometer (Finnigan-MAT Delta Plus XT). Ratios of 13 C/ 12 C were calculated relative to the Pee Dee belemnite standard (Belemnitella americana) using the relationship: (Osmond et al., 1973; Ehleringer & Osmond, 1989; Pierce et al., 2002; Santiago et al., 2005; Silvera et al., 2005) .
Because the d
13
C values of samples can be influenced by leaf development, and because nonphotosynthetic tissues in C3 species tend to be enriched in 13 C compared with leaves (Cernusak et al., 2009) , only mature leaves were sampled and non-photosynthetic tissues were avoided. Similarly, specimens collected from the field were preferred over those grown in greenhouses or artificial conditions, to avoid the effects of variable d 13 C of source CO2 in closed environments. Variation in d
C values from herbarium specimens of two or three individuals of the same species measured in 80 orchid species showed a standard deviation from ± 0.01 to 3.2 for both C3 and strong CAM species (K. Silvera, unpubl. data) . Variation within leaves of the sample species can also occur, but these differences are small relative to d
C variation between C3 and strong CAM leaf tissue. For example, a recent study of the variation in d
C values of multiple leaves from individual tropical trees collected at different times of the year showed standard deviation of ± 0.1 to 0.5 in C3 species , and a study of the variation in d side-by-side showed standard deviation values of ± 0.1 to 0.3 in CAM species .
We also performed a literature survey to update a previous list of the total number of orchid genera worldwide in which the presence of CAM has been reported.
RESULTS
Variation of bulk leaf d
13 C values of orchids from Panama and Costa Rica ranged from -36.5 to -11.4‰, with an average of -27.6‰. The frequency distribution of isotopic values among study species showed a bimodal distribution, with the majority of species at values c. -28‰ typical of C3 photosynthesis, and a second mode at -15‰, typical of strong CAM photosynthesis (Fig. 1) . Out of 1002 species, 907 (90.5%) belong to the C3 photosynthesis cluster and 95 (9.5%) were strong CAM species based on d 13 C measurements. , the fourth and fifth most sampled genera in this study, did not show any strong CAM species. All species previously assigned to the genera Cohniella Pfitzer and Lophiaris Raf., which were previously part of Oncidium, but have now been merged into the genus Trichocentrum (Williams et al., 2001) , showed strong CAM.
Our checklist represents the first known report of the presence of CAM in 12 genera, bringing the total number of orchid genera known to contain CAM species to 90, considering previous literature reports and recent nomenclatural changes (Table 2 ).
DISCUSSION
Our finding that the distribution of C3 and CAM photosynthetic pathways among orchids of Panama and Costa Rica shows a bimodal distribution along the complete isotopic range of study species is consistent with previous isotope-based screening campaigns of CAM taxa (Neales & Hew, 1975; Griffiths & Smith, 1983; Winter et al., 1983; Pierce et al., 2002; Crayn, Winter & Smith, 2004; Holtum et al., 2004; Silvera et al., 2005) . That the majority of species are clustered around the C 3 isotopic range, with a smaller cluster around the CAM isotopic range and only a few species with intermediate d
13
C values (Fig. 1) , is indicative of specialization in carbon assimilation pathways and probable biochemical and/or anatomical limitations associated with these isotopic ranges . The bimodal distribution suggests that strong CAM or C3 photosynthesis is favoured over intermediate metabolisms. Species rely on one pathway or the other, probably based on available ecological niches. Strong CAM is present in 9.5% of the study species, but the bimodal distribution fails to reveal the extent of weak CAM species likely to be present within the C3 isotopic range. Because d 13 C was used as a screening method, we cannot account for those species that have d 13 C characteristic of C3 species, but obtain up to one third of their carbon through nocturnal CO2 fixation, as is the case with weak CAM and some facultative CAM species (Winter & Holtum, 2002; Silvera et al., 2005; Winter et al., 2008; . The detection of weak CAM requires the study of live specimens in which either titratable acidity and/or net CO2 exchange is measured and, thus, requires more elaborate experimental sampling methods than d 13 C screening of herbarium specimens (Sinclair, 1983; Winter & Holtum, 2002) .
The previous report of 20% strong CAM species among 214 mainly Central American species studied by Silvera et al. (2005) , compared with 9.5% strong CAM species in the current much larger survey, may be explained by the fact that the former study had a bias towards commercially valuable lowland orchid species adapted to drier sites (Silvera et al., 2009) . In contrast, the current, more complete study considered orchids from a much broader range of habitats, including high elevation sites, where strong CAM species occur less frequently. Nonetheless, if the predicted number of weak CAM species were added to the estimates of strong CAM species in the current study, then the total number of species exhibiting an ability to perform CAM in the Panama-Costa Rica region would be expected to increase markedly above the 9.5% established by strong CAM species alone.
In a previous extensive survey of CAM in the neotropical family Bromeliaceae, Crayn et al. (2004) found strong CAM in 826 of 1873 bromeliad species (44%), which surpasses the proportion of strong CAM species for orchids of Panama and Costa Rica. In Panama and This study Campylocentrum Benth. Zotz & Ziegler (1997); Zotz (2004) ; this study Cattleya Lindl. ; Zotz & Ziegler (1997) ; Silvera et al. (2005) ; this study Caularthron Raf. ; Zotz & Ziegler (1997); Zotz (2004) ; Silvera et al. (2005) ; this study Epidendrum L. ; Zotz & Ziegler (1997); Zotz (2004) ; Silvera et al. (2005) ; this study Eria Lindl. ; this study Leochilus Knowles & Westc.
This study Lockhartia Hook. Zotz & Ziegler (1997); Zotz (2004) ; Silvera et al. (2005) ; this study Luisia Gaudich. Macroclinium Barb.Rodr. ex Pfltz. Silvera et al. (2005) ; this study Maxillaria Ruiz & Pav. ; Zotz & Ziegler (1997) Silvera et al. (2005) Costa Rica, most collection sites for orchids receive well over 1000 mm of annual precipitation and there is little coverage of tropical and subtropical dry forests, in which CAM epiphytes are favoured. Our study represents the largest d
C survey of orchids ever performed and provides a fairly representative picture of the occurrence of strong CAM among the local flora of Panama and Costa Rica. Even so, this survey covers only 4% of the estimated total number of orchid species known worldwide. Further extensive d
C sampling of orchid species from other regions is needed to improve our knowledge of the incidence and functional significance of CAM in this large family of vascular plants. ; Zotz & Ziegler (1997) ; Silvera et al. (2005) ; this study This list has been updated from that of , using a literature search and the results of this study.
